Transport measurements on the two-dimensional electron system in Al 2 O 3 /SrTiO 3 heterostructures indicate significant non-crystalline anisotropic behavior below T ≈ 30 K.
I. INTRODUCTION
Two-dimensional electron systems (2DES) at the interface between insulating oxides have gained huge interest in the last years. The importance for multifunctional all-oxide devices as well as the intriguing properties of strongly correlated and confined 2DES gave rise to many interesting scientific works. The emergence of superconductivity [1] , multiple quantum criticality [2] , tunable spin-orbit coupling (SOC) [3] , and magnetism [4] at the interface between LaAlO 3 and TiO 2 -terminated SrTiO 3 (LAO/STO) have made STO-based heterostructures a prototypical system for studying low-dimensional strongly correlated electron systems. Charge carriers in 2DES of STO based heterostructures display Ti 3d-derived t 2g -orbital character extending over a few STO layers from the interface [5] . The broken inversion symmetry at the interface results in a splitting of the t 2g bands into a lower d xy singlet and an upper d xz , d yz doublet state, where the z-direction is along the surface normal. The band filling strongly depends on sheet carrier density n s , suggesting a Lifshitz 2 transition at n c ≈ 1.7×10 13 cm -2 [6] . For n s > n c most of the charge carriers accumulate in the d xz , d yz bands [5] .
The polar discontinuity at the LAO/STO interface leads to a rather strong Rashba-type SOC [7] and is considered to play an important role with respect to interfacial conductivity [8] .
However, oxygen vacancies may also act as a possible source for charge carrier doping of STO [9] . For example, chemical redox reactions at the interface between STO and other complex oxides provide an alternative approach to create new types of 2DES in complex oxide heterostructures [10, 11] , where 2D metallic behavior in e. g., amorphous aluminum oxide/STO heterostructures, is assumed to be dominated by oxygen vacancies and is not provided by electronic reconstruction.
The metallic interface between strongly disordered and quasi amorphous aluminum oxide, grown at low substrate temperature, T s ≤ 200°C, and (001) oriented, TiO 2 -terminated STO (AO/STO) displays sheet carrier density, Hall mobility, and even superconducting properties which are well comparable to those of epitaxially grown LAO/STO [12] . Further motivation for using AO/STO is the low deposition temperature which is very advantageous with respect to technical, large scale production and processing. Close to the superconducting transition,
Van-der-Pauw resistance measurements on AO/STO indicate anisotropic electronic transport.
Anisotropic striped, filamentary electronic structure due to mesoscopic inhomogeneities has been observed alike in the 2DES of epitaxial LaTiO 3 /STO [2] and LAO/STO [13] [14] [15] [16] [17] . On the one side, extrinsic defects and impurities, or a net surface charge at step edges [18] appear to be mainly responsible for the electric inhomogeneity. On the other side, strong Rashba coupling may also lead to charge segregation and intrinsic electronic phase separation even in perfectly clean and homogeneous LAO/STO [19] . Therefore, more detailed transport measurements with respect to anisotropic electronic behavior are necessary for a better understanding of emerging nonlocal resistance phenomena in 2DES of STO-based heterostructures.
In this paper, we report on transport measurements on AO/STO microbridges patterned along different in-plane crystallographic directions using STO substrates with different step edge alignments. Lattice dislocations in STO and interfacial steps appear as the main sources for electronic anisotropy, likewise influencing SOC and magnetoresistance. An in-plane magnetic field results in Rashba-induced oscillations of the conductance. The Rashba coupling seems to be reduced compared to LAO/STO indicating weaker polarity in AO/STO.
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II. EXPERIMENTAL
In order to characterize anisotropic electronic transport of the 2DES in AO/STO, microbridges with length of 100 µm and width of 20 µm in Hall bar geometry were patterned along specific crystallographic directions using a CeO 2 hard mask technique [20] , see Fig. 1 (a). The microbridges are labeled alphabetically from A to E, and display angle ϕ = 0°, 22.5°, 45°, 67.5°, and 90°, towards the [100] direction, respectively. The deposition of CeO 2 as well as the subsequent ablation of Al 2 O 3 in order to form the 2DES at the interface of AO/STO was carried out by pulsed laser deposition on (001) oriented TiO 2 -terminated STO substrates.
Contacts to the buried 2DES were produced by ultrasonic Al-wire bonding. In the used current-and temperature-regime the contacts showed clear Ohmic behavior. More details with respect to sample preparation are given in references [12, 20] . The single-type termination of the STO substrates usually leads to the formation of a stepped surface with a step-height of one STO unit cell [21] . Motivated by previous observations of the possible influence of interfacial steps on the anisotropic transport behavior [22, 12] we used substrates with different step edge alignment with respect to the [100] direction. For sample I, the angle between the step edges and the [100] direction amounts to ω ≈ 85° and for sample II ω ≈ 55°.
The surface topography of sample I and II is shown in Fig. 1 (b) . All the used substrates came from the same batch (CrysTec company), hence, displaying the same crystalline quality. The miscut angle of the substrates typically amounts to 0.1° -0.2° which results in a terrace-width of 100 -250 nm (see Fig. 1 (b) ).
Measurements of the sheet resistance R s were carried out in a physical property measurement system (PPMS) from Quantum Design in the temperature and magnetic field ranges 2 K ≤ T ≤ 300 K and 0 ≤ B ≤ 14 T. In order to avoid charge carrier activation by light [23, 24] , 
III. RESULTS AND DISCUSSION
A. Temperature dependence of the electronic transport
First, we report on sheet resistance measurements as a function of temperature without application of a magnetic field. Fig. 2 However, the variation of R s from bridge A to E is only about 4%. The ratio R s (bridge C)/R s (bridge E) (≈ 1.33 for sample I) changes only little from 10 K to 2 K, indicating that the dominant contribution to the anisotropy of R s is caused by impurity or defect scattering. Additional contributions by, e. g., quantum effects such as weak localization (WL) or electron-electron interaction (EEI) cannot be excluded and may be present as well but are suggested to be less important than impurity scattering.
On the one side, impurity or defect scattering of 2DES in STO-based heterostructures is caused by the same mechanism as in the STO bulk. Fig On the other side, defect scattering at the interface has to be taken into account as well.
Interfacial steps likely decrease charge carrier mobility and may increase low-temperature resistance in LAO/STO heterostructures [22] . For both samples I and II we find that R s is higher when the current is perpendicular to the step edges and lower when the current is 
Because of the different alignment of the step edges, the minima of r t (ϕ) are shifted from ϕ = 85°(265)° for sample I to 55°(235°) for sample II. Obviously, t of sample II is reduced compared to sample I. The larger terrace width of sample II (cf. Fig. 1 (b) ) results in a lower step density and therefore in a reduced t. The ratio of t between sample I and II (≈ 1.6) compares nearly perfectly with the inverse ratio of the terrace width of both samples, which strongly supports our model.
The mean free electron path, λ mfp , can be deduced from the two-dimensional Fermi velocity model assumes that the parameters of the bands are independent of B. Therefore, it should be used with caution in case of LAO/STO [6] , where it might lead to large mistakes in some of the extracted parameters. In the following, we used only the robust predictions of this model,
i. e., the asymptotic value of R xy at high fields and in the limit of zero giving the total sheet carrier density n tot and the sheet carrier density of the charge carriers having the highest mobility, n hi , respectively. Note, that n hi differs only by about 10% from n tot . Hence, charge carriers with lower mobility obviously contribute only less to the electronic transport. For that reason we concentrate on discussing only the impact of the charge carriers with the highest mobility n hi on the electronic transport. n tot is displayed versus T in Fig. 4 (a) . Data are shown for bridge A to E of sample I. Data for sample II (not shown) are very similar. At 300 K n tot amounts to about 4×10 13 cm -2 and drops down to ≈ 2.5 ×10 13 cm -2 for T ≤ 10 K. The Tdependence of n tot is typical for 2DES in STO based heterostructures [26] and is usually interpreted as a freeze-out of charge carriers [33, 34] . The Hall mobility of n hi was calculated by µ = (R s (B = 0)×n hi ×e) -1 , where e is the elementary charge. The T-dependence of µ for bridge A to E of sample I is shown in Fig. 4 (b) . In accordance with R s , µ increases nearly proportional to T -2 with decreasing T due to the decrease of electron-phonon scattering. The highest mobility is obtained for T ≈ 20 K amounting to about 350 cm 2 /Vs. For T ≤ 10 K, µ is limited by defect or impurity scattering as indicated by the T-independent behavior.
Interestingly, for T ≤ 10 K µ displays significant anisotropy. µ is about twice as large for bridge E than for bridge C, which indicates much higher defect or impurity scattering along bridge C. Furthermore, the mobility of bridge E, with mean current path parallel to the step edges is likewise larger compared to bridge A being perpendicular to the step edges. These The magnetoresistance MR of bridge A to E for sample I is shown for various temperatures in [35] . The Lorenzian broadening w strongly depends on the inverse of the mobility µ. MR at 10 K can be perfectly described by classical LZ scattering mechanism, see fits (solid lines) to the data in Fig. 5 (a) . The broadening w which we deduce from the fits is nearly perfectly proportional to µ -1 . The smallest broadening of MR is observed for bridge E displaying the highest mobility, whereas the largest broadening is obtained on bridge C showing the lowest µ. Thus, the anisotropic behavior of MR is mainly caused by the variation of charge carrier mobilities (see Fig. 4 (b) ).
Further cooling down to T = 2 K results in an additional contribution to the positive MR.
However, significant changes to MR are restricted to B < 8 T, whereas for B > 8 T MR is well comparable to that at 10 K.
At low T the magnetoresistance of a 2DES is usually dominated by contributions of electronelectron interaction and WL [28] . Previous studies show, that in LAO/STO heterostructures the breaking of inversion symmetry at the interface promotes Rashba-type spin-orbit interaction [3] . Therefore, in the diffusive regime of charge transport MR is well described by the 2D WL theory [27, 36] . Zeeman corrections, which in case of LAO/STO are usually much smaller compared to the spin-orbit effects, were taken into account by Maekawa and Fukuyama (MF) [37] . Efforts were also made to extract the wave vector (k) dependence of spin splitting energy and Rashba effect from MR [38, 39] . The t 2g orbitals d xz and d yz derived from Ti 3d states of STO lead to a k 3 spin splitting model (cubic Rashba effect), displaying similar field dependence of MR as deduced by MF [38] . In the following, the MF theory was used to fit the experimental data at 2 K in combination with a Kohler term as described above.
The parameters of the MF-expression [3] are the inelastic field B i , the spin-orbit field B so , and the electron g-factor which enters into the Zeeman corrections.
The data at T = 2 K are perfectly described by the fits (see Fig. 5 . We therefore conclude that spin-orbit interaction in AO/STO is here controlled by Rashba effect alike. However, in contrast to B i , which seems to depend very little on ϕ, B SO displays a distinct behavior on ϕ and is mainly responsible for the anisotropic behavior of the WL contribution (see Fig. 5 (c) ).
In case of Rashba coupling, the dephasing of electron spins, defined by the spin relaxation time τ SO ∝ 1/B SO , is described by D`yakonov-Perel (DP) mechanism of spin relaxation [41] , leading to τ SO ∝ 1/τ, where τ is the elastic scattering time. For LAO/STO this seems to be 12 fulfilled quite well [3] . Because of the symmetric band structure of (001) oriented STO-based heterostructures, Rashba coupling is expected to be isotropic and B SO should not depend on ϕ.
However, interfacial steps may also result in a further break up of inversion symmetry within the film plane resulting in a change of Rashba type spin orbit coupling and hence B SO [31] .
On the other side, the 2DES in STO-based heterostructures may also be sensitive to the ElliotYafet (EY) mechanism of spin relaxation [42] [43] [44] . The EY mechanism takes into account dephasing of spins by impurities, lattice defects, or phonons. In contrast to the DP mechanism, the EY mechanism leads to the Elliot relation, τ SO ∝ τ [42, 43] .
In Fig. 6 (b) we have plotted the difference ∆B so = B so (ϕ) [010]
microbridges. Plotting ∆σ versus θ (not shown here) indeed results in similar behavior of the microbridges, i. e., minima at θ = 0°/180° and maxima at θ = 90°/270°. In Fig. 7 (b) , ∆σ of bridge E is plotted as a function of θ at 2 K for various B ip . With increasing field, the amplitude of ∆σ increases steadily reaching a value of ≈ 17 µS at B ip = 14 T corresponding to a relative change ∆σ/σ(B,0) ≈ 2.6%. With increasing temperature, ∆σ decreases (not shown) falling below our measuring limit for T > 50 K.
The anisotropy in the longitudinal conductance σ(B,θ) likewise results in a modulation of the transverse conductance σ xy (B,θ) with the same amplitude but a phase shifted by ∆θ= 45° (not shown). The observed symmetric ∆σ xy is a direct signature of the 2D anisotropic system [45] .
Similar anisotropic behavior of ∆σ(θ) was also found by other groups [40, 46, 45] . Rashba-type SOC not only depends on n s [3] but also on the electric field at the interface [48] and hence polarity of the heterostructure. For the epitaxial grown spinel-type/perovskite heterostructure γ-Al 2 O 3 /STO the polar character and potential buildup is expected to be comparable to that of LAO/STO or even larger [49] . A low deposition temperature T s , as used here, indeed leads to a strongly disordered and quasi amorphous structure of Al 2 O 3 . However, local residual polarity may still exist at the interface. Because of n s being equivalent to that of LAO/STO, we assume that AO/STO displays polar character alike, however, probably weaker compared to LAO/STO or γ-Al 2 O 3 /STO heterostructures.
The field-dependence of σ for B ip perpendicular to the direction of current flow (θ = 90°), is shown for T = 2 K and 10 K in Fig. 7 (c). At T = 10 K, σ(B) steadily increases with increasing B resulting in a negative MR of about 4% at 14 T. This is in stark contrast to the much higher and positive MR (≈ 20% at 14 T) for B perpendicular to the interface. As discussed above, for in-plane magnetic field σ(θ) of the 2DES is not affected by orbital contributions. In addition,
for θ = 90° a Zeeman-like offset of spin subbands emerges leading to spin-polarized bands.
Hence with increasing B interband scattering is suppressed, leading to a negative MR [50] .
Interestingly, at T = 2 K σ(B) first decreases, displaying a positive MR for B ip < 5 T. The same behavior is also observed at low T for LAO/STO when n s is close to n c which has been related to specific properties of the electronic band structure [40] .
IV. SUMMARY
Electronic transport of the 2D electron system in AO/STO heterostructures was investigated with respect to anisotropic behavior. To this purpose, microbridges with various in-plane 
